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ABSTRACT 
Radar echoes fran birds engaged in migration, local waterfowl, insects, 
and weather are analyzed from data collected~ a series of research weather 
radars selected to be as close as possible to the NEXRAD Technical 
Requirements. Determining the nature of bird targets that are not visible~ 
eye is accanplished ~ analysis of wingbeat signatures, standard deviation of 
echo strength, and radar cross-section on a specially-instrumented X-band 
tracking radar operated at the Illinois Natural History survey. careful 
procedures have been developed to generate Doppler radar data that are of 
uniform quality and free fran artifact. canputer methods allow translation of 
varying data formats into a Universal Format, generation of test echo regions 
for purposes of data analysis, and canprehensive indexing on the data base of 
radar echos. Progress has been made on characterization of target 
reflectivity, velocity, stipple, and coverage. Analysis of variance data is 
discussed as a special problematical case. The data are used in development of 
a NEXRAD algorithn to increase safety of military aviation~ real-time warning 
of bird hazards. 
i 
.EOIO SIGNATURES OF BIRD TAR.Gfil'S AND OON-BIRD TAR.Gfil'S CN X-BAND TRAQ<I:t,l; 
RADAR 
Research on weather targets using Doppler weather radar requires what 
meteorologists call "ground truth", that is, visual or other verification of 
the nature and behavior of the weather targets. Similarly, development of 
techniques for recognition of bird targets on weather radars requires that the 
nature of the targets be known, preferably by direct observations separate from 
the weather radar. 
In the case of birds that fly at low altitudes and during the daytime, 
visual observations are often effective "ground truth". However, birds that 
fly at night are imi;:ortant research subjects because their behavior makes them 
a predictable and widespread source of bird echoes for study and because the 
large numbers of birds flying at night represent an important i;:otential hazard 
to aircraft. Therefore, the Illinois Natural History Survey has operated a 
small tracking radar which, unlike the large NEXRAD-like Doppler radars, can 
single out and measure individual bird targets except for birds in dense 
flocks. The INHS tracking radar, like other radars that have been used in 
biological research, cannot identify individual birds as to species. However 
in the course of this research project we have attempted to perfect techniques 
of identifying important classes of bird targets on the tracking radar, so that 
it can be used to take an identifiable subsample of the targets being observed 
on the larger NEXRAD-like radars. In this way, the small tracking radar can be 
used to learn the comi;:osition of the targets being simultaneously observed on 
the larger radar. 
New progress has been made in the use of three parameters to identify 
echo signatures of various targets on the small tracking radar. 
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Wingbeat Rate 
The tracking radar is able to take a short, usually two-second sample of 
the echo strength at a high rate of sampling, usually over 300 Hz. This rate 
is sufficient to capture the individual wingbeats of even the smaller birds. 
Previous techniques of measuring wingbeat parameters from target signatures 
have relied on subjective hand methods of analyzing chart records or have 
subjected the samples to frequency-domain analysis with the Fourier transform. 
We have developed a new approach which seems to be theoretically sound, 
objective, and effective. 
Straightforward frequency-domain analysis of wingbeat signatures from 
individual birds is difficult, for two reasons. (Multiple bird targets in a 
pulse volume present a more complicated signature, but one subject to the same 
methods of analysis.) First, bird signatures are highly non-sinusoidal, often 
presenting complex, irregular, and spikey waveforms. The Fourier method of 
breaking such waveforms into their component sinusoidal waveforms is therefore 
intrinsically unsuitable for most bird wingbeat signatures. Second, even 
short samples of bird wingbeat signatures often contain pauses of duration from 
a fraction of a wingbeat to many wingbeats. waveforms with such unpredictable 
pauses violate the assumption of Fourier theory that a time series is composed 
of a sum of continuous phase-invariant sinusoids of different frequencies. 
In practice, we have found that direct application of the Fast Fourier 
Transform to our short samples of bird wingbeats does indeed result in a rough 
indication of wingbeat frequency, but that resolution and reliability are 
severely lacking. 
Unlike the Fourier method, direct computation of the autocorrelogram does 
not suffer from waveforms that are non-sinusoidal and that vary in phase. 
successful analysis of the bird wingbeat signatures has been possible by direct· 
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computation of the autocorrelogram, which can be followed by Fourier analysis 
upon the autocorrelogram itself, which presents a time series much more 
amenable to Fourier analysis than the original target signature itself. Data 
from 29 October, 1984 are presented to. illustrate how the canposition of a 
mixed group of flying animals can be determined from target signatures on the 
tracking radar. (Data taken at the Air Force Geophysical Laboratory in October 
and November, 1984 are emphasized in this report as an example of the 
successful use of the tracking radar to determine target canposition while a· 
large Doppler research radar was operating simultaneously.) 
Figure 1 shows the distribution of wingbeat rates in two-Hz intervals 
during the evening of 29 October. Three peaks in the distribution are evident. 
Low wingbeat frequencies of about 9 Hz represent large bird targets, in this 
case, waterfowl. Moderate wingbeat frequencies in the range of 15-19 Hz are 
passerine migrants, probably predominantly sparrows. Finally, "wingbeat 
frequencies" of about 30 Hz are artifactual - they are the nutation rate of the 
tracking radar being seen as the predominant frequency in the time series. The 
nutator frequency predominates because no other clear periodicity is present. 
These targets may be insects, or they may be very large flocks of migrating 
waterfowl whose individual wingbeat frequencies cancel one another out, leaving 
a steady, non-varying target (see below). 
Variability of Echo strength 
The above calculation of the autocorrelogram from echo signatures is 
canputation-intensive and must take place after considerable manipulation of 
the data and inspection for artifacts. To provide an immediate on-line 
indication of target canposition, at least capable of discriminating birds from 
non-bird targets, we m:asure the variability of echo strength during the sample 
of wingbeat signatures and present the Standard Deviation (S.D.) of the target 
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echo strength. This method has recently been made more useful by subtraction 
of the measured total noise output by the radar receiver with no target 
present. This noise changes with both receiver gain and range to the target. 
Figure 2 shows the S.D. of target signature in arbitrary units proportional to 
receiver output voltage. Very low values of S.D., below about 20, comprise 
occasional gliding birds which do not beat their wings and various ntnnbers of 
flying insects whose wings do not contain enough water to modulate the radar 
reflectivity. Q1 the post-cold-front night of 29 October, only 8% of the 
targets tracked were in these categories, as might be expected. On the next 
night which was not so favorable for fall migration of birds and was much more 
favorable for movanent of late-season insect targets at night, we see that 
almost 20% of the targets had such a low S.D. (Figure 2). The corrected 
Standard Deviation provides a valid on line indication of target composition 
during tracking radar operation. 
Radar Cross-Section and Target Size 
The amount of energy reflected from a radar target is a function of the 
size of the target. Received radar echo fran a target varies non-monotonically 
with the size (e.g. the mass) of a target such as a bird. Cross-section can be 
thought of as a crude index of target size and a further help toward target 
identification. In particular, cross-section can help in discriminating large 
flocks of birds fran smaller flocks or single birds. X-band radar 
cross-section from insects can in many cases be as large as cross-section from 
birds but will often be smaller, depending on the kinds of insects in flight on 
a particular occasion. The method of measuranent of radar cross-section on the 
!NHS tracking radar is discussed in Appendix I. 
Distributions of radar cross-sections from October 29 and 30 are given in 
Figures 4 and 5. We have seen that on October 29 a substantial m.nnber of bird 
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targets with lCM wingbeat rates were present, ostensibly waterfCMl. This 
conclusion is confirmed by canparing Figure 4 with Figure 5. In Figure 4, 
there are more targets with cross-sections above about 30 an2 on this night 
favorable for waterfowl migration. At the other end of the distribution, there 
are almost no targets with very small cross-sections belCM about .01 cm2, which 
means that small insects were absent in the air space on this cold night. 
To Sl.lIImlarize the i;erforrnance of the tracking radar as a method of 
providing "ground truth" for the large Doppler radars, it appears that the new 
methods we have developed for estimating wingbeat rate, variability of echo 
strength, and radar cross-section are able to provide a consistent and useful 
set of indications of the oornposition of mixed groups of otherwise-unknown 
targets flying at night. 
ClIARACI'ERISTICS OF BIRDS AND OIBER TARGE.'l'S CN OOPPLER RADARS SIMILAR 'IO 
NEXRAD 
1. Doppler Radars Used to Gather Data 
Until a vendor is selected for the NEXRAD radar, the way in which the 
NEXRAD technical requirements are to be implemented is confidential 
information. This uncertainty has placed limits on our ability to develop a 
NEXRAD algorithm for bird hazard warning. Technical details of the 
construction of NEXRAD radars are slated to be made available during late 
sunmer, 1987, before which time the availability and exact values of certain 
kinds of NEXRAD radar data will be unavailable. 
Until January, 1988 archived data from NEXRAD prototype radars are 
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likewise unavailable. Therefore, this project has used data from several 
research radars that are very similar to the NEXRAD Technical Requirements. 
They are Doppler radars normally used for research in atmospheric science and 
meteorology (Table 1). The radars have sometimes been used operating in 
conjunction with the !NHS tracking radar specifically to gather data on flying 
birds and insects. At other times, the radars have detected biological targets 
when engaged in studies of weather or routine monitoring operations. In some 
cases, the agencies responsible for operating the radars have been kind enough 
to send us radar data from past operational sessions. The data are stored en 
industry-standard magnetic tape. 
The project is indebted to the scientists and engineers who have provided 
the use of and data fran their Doppler radars: Dr. Kenneth Glover at the Air 
Force Geophysics Laboratory, Dr. Eugene Mueller at the Illinois State Water 
Survey, Dr. Spiros Geotis at the Massachusetts Institute of Technology, and Ms. 
Cynthia Mueller and Dr. James Wilson at the National Center for Atmospheric 
Research. 
The radars available to us take S-band (sometimes C-band) data and 
store at least target reflectivity and Doppler velocity (Table 1). The OIILL 
radar was configured to take ZDR data during part of the time it was used to 
study flying birds and insects (Mueller and Larkin, 1985). The radar operated 
by MIT also recorded data en the variance of the echo return; unfortunately, an 
artifact in the MIT variance data made it impossible for us to estimate the 
true distribution of variance in MIT data (Appendix II). Thus, the variance 
parameter, which will be available on the NEXRAD radar, cannot be fully 
evaluated with the data presently at hand. 
2. SUnmary of Dop,pler Radar Data 
As of the end of May, 1987, our data base of Doppler radar data consisted 
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of 25 magnetic tapes romprising over 0.5 Gigabyte of data. Additional tapes 
are added as the opportunity arises and as the data call for investigation of 
different parameters from historical data. 
Each of the four institutions providing.us radar data stores the data in 
a different and unique format on magnetic tape. One of us (Dr. Douglas Quine) 
has invested considerable time in writing computer programs so that we can read 
, 
each of these different formats, convert each to the comnon Universal Format, 
and take into account the differing account the differing characteristics and 
modes of operation of each distinct research radar. 'llle culmination of this 
effort has been a program that can provide an inventory for individual magnetic 
tapes (Figure 6), inventories which are then collected into a keyed file 
retrieval system so that the location of a given kind of data can be determined 
quickly. The inventories of individual tapes are further necessary because 
many of the tapes contain errors of anission in ~rtant identifying 
information, mixed records of different modes of operation, sometimes 
incorrectly labelled, and multiple instances of missing or unreadable data. 
Using the inventory system, it is possible for us to detect and correct missing 
or conflicting identifier information and to mark invalid or unreadable data in 
the inventory so that the data can be skipped during data analysis. 
Many of the problems we have experienced fran magnetic tapes on these 
large research radars involve mundane but troublesome problems such as time of 
day recorded according to different time systems, incorrect information 
identifying any site of the radar, wrong parameter identification (Range-Height 
Indicator displays marked as PP! displays) and so on. One kind of more visible 
and cornnon problem with Doppler data is velocity wraparound, in which 
velocities above the Nyquist velocity are arnbigious. Figure 7 shows severe 
(enhanced) wrapping in an image of migrating birds whose direction relative to 
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the ground is awroxirnately towards northeast. At the top of Figure 7, we see 
the same data with the Nyquist frequency increased to 30 revs, showing a 
consistent and correct pattern of velocities after unwrapping the Doppler 
frequencies. Fortunately, the actual NEXRAD radars will have Nyquist 
frequencies in excess of 50 revs, velocities rarely reached l:!t' flying bird 
targets, at least voluntarily. We use both manual and automatic means to 
estimate the actual radial velocities when Doppler wrapping is present. 
Another example of a significant artifact that we have been successful in 
dealing with in reducing data is shown in Figure 8. Sector-scan data looking 
to the north has several rays (azimuths) of radar data misplaced so that they 
appear to be missing from the data. The software program detects such 
nonmonotenicity in the azimuth by canparing the progression of azimuths along 
each radial with the approximate known velocity and acceleration abilities of 
the particular radar. The result is that rays that are out of sequence can be 
detected and placed back into their proper position (bottom of Figure 8), 
allowing the data to be used in developing our algorithm. 
3. Variables Diagnostic for Birds 
We are presently examining 11 kinds of information available from the 
Doppler radars that are helpful in distinguishing bird targets fran other kinds 
of targets. During the course of the project, several other potentially useful 
variables have been discarded for various reasons. In this section, we 
wish to avoid repetition of information present in previous Reports and 
likewise wish to avoid voluminous sunmaries of background information and 
original data. Therefore, this section will emphasis new scientific findings 
and problem areas that are scientifically interesting. 
We have taken trouble to include in our data base cases that can be 
expected to present unusual or difficult situations for a NEXRAD algorithm to 
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detect hazardous birds. By concentrating on the difficult and problematical, 
it should be easier to deal with actual NEXRAD radar data when such data becane 
available. 
Reflectivity has :[X)tential usefulness in discriminating different kinds 
of targets on radar because birds do not generate widespread echoes as strong 
as those that can be generated~ weather phenomena and insects do not generate 
echoes as strong as those of birds on S-band radars. Furthermore, reflectivity 
will determine the size and/or density and thus the severity of danger from 
hazardous birds. In many cases, a distinct region of echo limited in size so 
that the minimum range is a large fraction of the maximum range shows a narrow 
and well-defined distribution of reflectivities when expressed in the normal 
meteorological units of dBZ (Figure 9). However in other cases, biological 
targets fail to behave like water droplets in reflectivity. Reflectivity of 
weather targets is given~ the relationship: 
CZ 
p = -
r R4 
where Pr is received power, R is range, z is reflectivity of a large number 
of distributed water droplets and C is a cx:>nstant for each radar. Using this 
equation, dBZ can be converted to received power and reflectivity can be 
expressed in mits more appropriate to biological targets than is z. 
Biological targets often do not behave like distributed water droplets, 
especially when flying in thin layers. Such a case is shown in Figure 10, in 
which receiver power in miliwatts is plotted against the logarithm of range. 
Clearly, these bird targets do not cx:>nform to the model in the above equation, 
which would predict the slope shown in l/R4. Nor do they conform to the slope 
for dot echoes, l/R4. Assessment of the actual reflectivity of targets on these 
large weather radars requires additional work, especially additional 
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coordinated observations between the large weather radars and the INHS tracking 
radar. These investigations are best postponed until the NEXRAD radar 
characteristics are better known in August. 
Under certain conditions, height above the ground is a useful diagnostic 
variable. Information on height of waterfowl and migrating birds has been 
sunmarized fran our tracking radar data and further summarized frcm a large 
number of published reports of radar and other data. 
variance, described above as a parameter available on NEXRAD but 
unavailable on research radars to which we have had access, nevertheless shows 
great pranise. During Fall, 1987 we shall collect cooperative data with the 
CHILL radar allowing us to analyze valid data on variance. Because of the 
extensive work that has been accanplished on variance, we are exceedingly 
well-prepared for analysis of our first data. 
A fundamental difference between most biological targets and most 
dispersed weather targets is that echoes frcm the former result frcm relatively 
large quantities of water gathered together and enclosed in skin. Let us 
consider here the case where reflectivity is present in all resolution cells in 
a patch of echo - the case where the echoes are non-continuous is discussed 
below under Coverage. Even in continuous echo, adjacent pulse volumes will 
show stocastic differences from one another more readily if echoes result from 
a few larger targets in each pulse volume than if the echoes result frcm many 
very small targets in each pulse volume. In the fonner case, applicable to 
birds and at least sometimes to insects, echo p:itterns take on a quality we 
call "Stipple". This phenomenon has been recognized as a source of error in 
analyzing some radar echoes (Marshall, 1971; Crimnins, 1985). We have analyzed 
Stipel in reflectivity, variance, and velocity; all seem to have ultimate 
usefulness. Representation of Stiwle in a two-dimensional radar sample in the 
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azimuth-range space often given an imnediate visual indication that the echoes 
fran bird targets are very much more regular than echoes from weather targets. 
We have analyzed the targets in terms of spatial frequency, discovering that, 
as might be expected, bird targets have more power in the high spatial 
frequencies of about 1 km than do weather targets. However, a much simpler 
canputation of Stipple can be perfonned by simply differentiating along each 
radial in a patch of echo and subtracting out the known expected slope between 
the initial echo and the highest echo. This method produces equally valid 
results and is computationally much less intensive. This latter simpler 
canputation of Stipple generates a result measured in units per kilometer, 
which is the expected mean difference between a voltnne cell and the next volume 
cell 1 km distant. Correction by subtracting the expected slope has almost no 
effect on a large patch of echo, but can have an appreciable and beneficial 
effect on a small, strong weather target. 
Some bird echoes have a "graininess" that is almost never present in 
weather echoes and that results fran birds being absent fran some volume cells 
in an otherwise-continuous region of echo period. In other words, the 
Coverage of weather echoes usually approaches 100% whereas bird targets can 
show q:>verage at much lesser values. Of course, many instances of massive 
migration show 100% Coverage. Coverage is related to, but has additional 
discriminating power from, Stipple. 
Velocity is useful in certain defined contexts. Unless the azimuthal 
extent of an echo region is large (greater than about 165 degrees), the actual 
velocity of targets relative to the earth, rather than along radials from the 
radar, is unknown. We are fortunate in having data on·birds flying in winds of 
very high speed, allowing us to set upper bounds on velocity estimates. 
Similar data on insects, as well as Doppler data fran birds flying in very low 
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wind, will add to our picture of Doppler velocities of biological targets. 
'Im DIMENSIOOAL SAMPLES OF OOPPLER RADAR DATA AS TFSr INPUTS FOR AN AIGORI'IHM. 
A large Doppler radar can sample millions of cubic kilaneters. Different 
kinds of weather, bird, and insect targets can be present simulanteously at 
different locations in the p.1rview of the radar, and different kinds of 
biological targets can co-exist in the same pulse volume. Having identified a 
number of variables useful or potentially useful in discriminating these 
various kinds of targets fran one another, the project required a means of 
defining a region of echo in space and characterizing that region according to 
the list of diagnostic variables. 
We call a region of radar echo a "patch". A patch is a region of 
contiguous echo, although not always hanogenous. A patch may vary in size from 
the entire region surrounding the radar out to a range of 100 km or more down 
to a small clump of a few pixels. The patches are presently two-dimensional 
and are described in polar coordinates. The geographical extent of a patch is 
described simply by the minimum and maximtml ranges of the series of adjacent 
azimuths comprising the patch. Three separate patches in a single image of 
Doppler velocity are show in Figure 12. (During on-line operation, the color 
image processor allows us to draw the border of a patch in a contrasting color, 
not visible in Figure 12.) Three patches have been drawn on this PPI image, 
Patches 35, 36, and 37. Patch 35, located south of the AFGL radar over the 
northeastern border of Rhode Island, is a cloud moving eastward across the 
radar screen. The thin white line has been drawn by the operator to designate 
those pulse voltmles that will be included in Patch 35. Patch 36 is canposed of 
the mass migration of passerines and waterfowl observed on 29 October 1984. It 
extends out to a range of about 50 km in all directions except for one azimuth 
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at about 100 degrees. The border of this patch has been drawn so close to the 
edge that it is not visible on this black-and-white rendition. Ground clutter 
at close range has been excluded by the patch and the innermost range boundary 
that accomplishes the exclusion is visible as a white line. Patch 37 
encompasses both Patch 35 and Patch 36, with the same exclusion of close-range 
clutter. Note that Patch 37 cannot include the easternmost region of cloud 
because of the way a patch is defined in polar coordinates. This restriction 
has not limited our ability to define radar targets for purposes of analysis. 
During the time a patch is selected for analysis and the borders of the 
patch are drawn on the image processor, the scientist keys in data on the a 
priori knowledge of the composition of targets in the patch. When available, 
tracking radar data are used to define the composition of biological targets in 
a patch. Target composition is keyed in by the operator as a Slllil of 
percentages that must total 100%. 
The software to present color images of all of the various kinds of radar 
data, define the positions of patches in space, and canpute the various 
diagnostic variables is diagramed in Figure 13. To provide a conunon and stable 
data format, Universal Format data are used in the process of analysis, even 
though the large size and inefficient format of these files sometimes increases 
the overhead of processing them. During the next few months, the new UR 
format, a superset of UF, will probably be added or substituted as a standard. 
The process of patch-generation using the color image processor is further 
described in a technical publication (Larkin, 1987). 
Fach patch has a unique name and is described by a plain-text ASCII file, 
the Patch Designator File (PDF). Linked to the PDF is another companion file, 
the list of azimuths and ranges that describes the position of the patch in 
space. During on-line patch generation, the PDF is supplied with 
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inmediately-available information such as target composition, operator 
COJllilents, and the name of the corresponding UF file. Later in off-line 
operation a separate program reads the atPropriate scan of UF data into large 
arrays of memory and canputes the various diagnostic variables and, when 
desired, frequency distributions and other statistics on the variables. The 
output is then written back into the patch file, u:pdating the data and 
individual version numbers of the file and the variables within the file. 
A sample patch file is shown in Figure 14. Records with asterisks in the 
first colmnn are common records ignored~ input routines. Information beneath 
the word "OUTPUT" contains data generated~ a trial run of the algorithm test 
harness and will discussed in a later Report. In the second colmnn of the ma.in 
section of the file, each record is given a unique number or letter, a letter 
for descriptive information such as the source of the data and the name of 
associated files, a number for the eleven diagnostic output variables. When a 
particular datum or calculation is altered, its version number is increased, 
allowing the software to update only necessary and appropriate canputations 
during each cycle of operation. 
Among the diagnostic variables, Habitat is l.ll1used because it is a site-
specific parameter and data are presently unavailable fran any NEXRAD site. 
Diagnostic variables 6 and 8, Variance, and Stipple in Variance are not yet 
available in data fran the research radars as discussed in Appendix II. 
Diagnostic variable 10, Velocity, is listed as absent because, although the 
speed of the targets can be measured, their true direction relative to the 
ground cannot be measured in this small patch encompassing only 46 degrees of 
azimuth. 
The i;:atch file in Figure 14 describes an echo from pure weather, as 
mentioned in the operator-inserted corrments near the top of the file. Note the 
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extremely small value for diagnostic variable 7, Stii:ple In Reflectivity. 
About 62 regions of radar echo are presently available for analysis, 
described in PDF's. First-order analysis of the echos from these targets is 
available using the system described above and representative data are 
summarized in Tables 3-5. Reflectivity seldom if ever exceeds about 28 dBZ 
for biological targets (Table 3); any target above this reflectivity can be 
recognized as weather (namely precipitation). As mentioned above, Stii:ple In 
Reflectivity is never at a high value in weather targets (Table 4). Although 
Stii:ple In Doppler is similar to Stii:ple in reflectivity in that its value is 
lower in weather targets than in biological targets, the power of 
discrimination of Stipple In Doppler occurs at a very low values rather than at 
high values, meaning that the two kinds of Stipple are not canputationally 
redundant. 
Further advances in our characterization of different kinds of targets on 
Doppler research radars will necessarily include 3-dimensional patches and 
site-specific habitat parameters. 
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Table 1. Typical settings of research radars used to 
gather data for NEXRAD bird hazard algorithm. 
Radar Location Beam Wavelength Gate P.R.F. Types of 
Width (cm) Depth (Hz) 'data 
(deg) (m) 
AFGL Sudbury, MA 1.0 10.0 150/300 1062 REF ,tJEL 
CHILL Champaign, IL 0.95 10.94 150 975 REF,VEL,ZDR 
MIT Cambridge, MA 1.0 11.1 250 721 REF,VEL,VAR 
CP3 Nickerson, KN 1.22 5.45 150 1111 REF,VEL 
CP4 Cheney Lake, KN 1.13 5.48 150 1111 REF,VEL 
P.R.F. = pulse repetition frequency 
REF= reflectivity 
VAR= variance (see Appendix II) 
VEL = Doppler velocity 
ZDR = differential reflectivity for horizontal and vertical 
polarization. 
Gate depths differ for reflectivity and velocity in the 
AFGL radar. 
CHILL is operated by the Illinois State Water Survey. 
CP3 and CP4 are operated by the National Center for 
Atmospheric Research. 
Table 2. 
INHS TAPE INVENTORY DATA RETRIEVAL SYSTEM 
Listing of All Tapes Inventoried as of 10:44:10 15-JUN-87 
Tape Data Radar Radar 
Number Format Name Site 
101 MI WR66 CAMB 
102 MI WR66 CAMB 
103 MI WR66 CAMB 
104 MI WR66 CAMB 
105 MI WR66 CAMB 
106 MI WR66 CAMB 
107 MI WR66 CAMB 
1MT34 CH CHIL ~...JI LL 
1MT35 CH CHIL WILL 
1MT36 CH CHIL ~...JI LL 
600 UF NEXR SUDB 
602 UF CP4/ CHEN 
603 UF CP4/ CHEN 
603A UF CP3/ NICK 
CH01 CH CHIL WILL 
CH02 CH CHIL ~...JI LL 
CH03 CH CHIL WILL 
CH04 CH CHIL WILL 
CH05 CH CHIL WILL 
CH06 CH CHIL WILL 
UB6778 UF CHIL GOVS 
UC6778 UF CHIL GOVS 
UFMT34A UF CHIL TERR 
UMT348 UF CHIL TERR 
UMT34C UF CHIL TERR 
UMT34D UF CHIL TERR 
UMT34E UF CHIL TERR 
UMT34F UF CHIL TERR 
UMT34G UF CHIL TERR 
X8IL41 UF CHIL GOVS 
XIL412 UF CHIL GOVS 
XIL42 UF CHIL GOVS 
Tape listing complete 
I 
Table 3. 
Selected parameters according to nominal target composition 10: 11 MONDAY, JUl·~E 8, 190/ 
Reflectivity, dBZ 
1---------------------------------------------------------------------------------------: 
: s :10 :11 :12 :13 :14 :1s :10 :11 :10 :19 :20 :21 :22 :23 :24 :2s :26 :27 :2s :30 :31 : 
:----+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---: 
: N : N : N : N : N : N : N : N : N : N : N : N : N : N : N : N I N : N I N : N : N : N : 
-------------------------------+---+---+---+---+---+---+---+---+---+---~---+---+---+---+---+---+---+---+---+---+---+---: 
Target composition 
-------------------------------: 
IAll 3 types 11 
:-------------------------------+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---: 
IPuss~rine 1: : 21 41 3: : 3: 1: 2: 
1-------------------------------+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---: 
IPasscrine + Weather : 1: I : : I 
1-------------------------------+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---: 
IWate1·fowl 11 21 11 11 : 
:--------------------------------+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+-·--+---+---+---+---+---+---: 
lWater·fowl + Passcrines 1l 1 I 51 1 I : 11 
:-------------------------------+---+---+----+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---+---: 
: Waterfowl + Weather : I : : 1: : 
:-------------------------------+---+---+---+---+---+-··-+---~---+---+---+---+---+---+---+---+---+---+---+---+---+---+---: 
:weather ll : 11 11 1: 1: 1: 31 1: 21 1: 41 31 2: 31 2! 1: 1: 
Table 4. 
S~lected par~meter~ acc~rdinq to nominal t~rqet compo9itlon 10: 11 MONDAY, .JVNI:: 9, l'-,u, 
Stipple in R0Flecti·,11ty, d3Z 
:-----------------------------------: 
: 0 : 1 t 2 : 3 : 4 : 5 I 6 ; 8 112 ~ 
:---+---+---+---+---+---+---+---+---; 
: N : N I N t N : N : N I N : N : N : 
:-------------------------------+---+---~---+---+---+---+---+---+---: 
:ra·rget composition 
:-------------------------------1 
:All 3 types 11 
:-------------------------------+---+---+---+---+---+---+---+---+---: 
: Pass e·r in e I 7 : I 2 : 5 I 1 I 1 I 
:-------------------------------+---+---+---+---+---+---+---+---+---: 
:Passe~ine + Weather 1: 
:-------------------------------+---+---+---+---+---+---+---+---+---: 
I Waterfowl I I .21 21 · 1 I 
:-------------------------------+---+---+---+---+---+---+---+---+---: 
I Waterfowl + Passe·rines 21 1 I 1 I 31 I 1 I 1 I 
:-------------------------------+---+---+---+---+---+---+---+---+---: 
IWa·t;erfowl + Weather I I I I 1 I 
:-------------------------------+---+---+---+---+---+---+---+---+---: 
:weather 11 a: 171 31 
Table 5. 
Sel~ct~d par~met~r~ ~cco~ding ~o ~o·nl~al t~~g~t cJmpJsit1on 1 iJ: l l ~!CNDA '1 , ,.)l:i·~E 8, 
Stipple in Doppler, mis 
:---------------------------------------
: 0 : 1 : 2 : 3 : 5 : b : 7 : 8 : 10 : 11 
:---+---+---+---+---+---+---+---+---+---
1 N : N : N : N : N I N : N : N : N 1 N 
:-------------------------------+---+---+---+---+---+---+---+---+---+---
:Turget composition 
:-------------------------------1 
IAll 3 t~pes I 11 
;-------------------------------+---+---+---+---+---+---+---+---+---+---; 
IPusserine 21 7: bl 1: 
1-------------------------------+---+---+---+---+---+---+---+---+---+---I 
IPusserine + Weather : : I 11 
1-------------------------------+---+---+---+---+---+---+---+---+---+---1 
I Water-Fowl : 1 I 21 : 1: 1 I 
1-------------------------------+---+---+---+---+---+---+---+---+---+---: 
!Waterfowl+ Passerines : 21 11 21 11 11 11 11 : 
:-------------------------------+---+---+---+---+---+---+---+---+---+---: 
:waterfowl+ Weather : I : I : 11 I 
:-------------------------------+---+---+---+---+---+---+---+---+---+---: 
!Weather I 171 41 31 1: 31 : 1: 
Wing Beat Rates: 29 October, 1984 
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Figure 1. 
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Standard deviation of target echo strength 12: ~4 THURSDAY, .JUNE 11• 1987 3 
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X-band radar cross-section frolll signatures 
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X-band radar cross-section from signatures 
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INHS TAPE INVENTORY DATA RETRIEVAL SYSTEM 
[cove~. tap el ib. recall Jdatabac k. ue 27-MAY-87 15: 59:35 
Listing of cont•nts for tape 1MT35 
File Date Time Radar Radar RHI/ Reco1'ded Elev Angles Comments 
Site PPI Vari•bhs 
110682 142937 WILL CHIL p DZ VE 0.3 0.4 4.4 5. 2 SECTOR SCAN 
110682 142955 WILL CHIL p DZ 8.3 
110682 142955 WILL CHIL p DZ VE 8.3 8.5 12.4 12. 5 16.3 17. 1 20.4 SECTOR SCAN 
20.5 24.3 24.7 28.4 29.0 32.3 32. 5 
110682 14321,2 WILL CHIL p DZ VE 0.3 1. 3 4.4 5.6 8.4 9. 1 12.4 SECTOR SCAN 
13.3 16.3 17.2 20.4 21. 9 24.3 24.8 
28.4 30.5 32.3 33.8 36.4 
110682 143337 WILL CHIL p DZ VE 1. 1 0.9 4.4 4.8 8.4 8.3 12.4 SECTOR SCAN 
12.3 16.3 18.3 20.4 20.4 24.3 26. 1 
28.4 28.4 28.4 28.8 32.3 34.8 
110682 143447 WILL CHIL p DZ VE 34.6 36.0 36.4 SECTOR SCAN 
110682 143437 WILL CHIL p DZ VE 0.9 0.9 4.4 4.6 9.3 10.0 12.4 SECTOR SCAN 
12.4 16.3 16.3 20.4 20. 7 24.3 26.3 
28.4 29. 1 32.3 32.4 36.4 
110682 145006 WILL CHIL p DZ VE 0.3 0.4 1. 3 1. 4 2.3 2.3 3.4 SECTOR SCAN 
3.6 4.4 4.8 5.4 5.4 6.3 
110682 145235 WILL CHIL p DZ VE 0.5 0.4 1. 3 1. 3 2.3 2.4 3.3 SECTOR SCAN 
3.3 4.4 4.4 5.4 5.5 6.3 5.6 
110682 145514 WILL CHIL p DZ VE 0.5 0.4 1. 3 1. 4 2.3 2.6 3.4 SECTOR SCAN 
3.4 4.4 4.6 5.4 5.4 6.3 5.4 
2 110682 11,0005 WILL CHIL p DZ 0.3 
2 110682 11,0006 WILL CHIL p DZ VE 0.3 
2 110682 11,0014 WILL CHIL p DZ 0.3 0.4 1. 3 1.4 2.3 2.4 3.3 SECTOR SCAN 
3.4 4.3 4.3 5.4 
2 110682 1"'0154 WILL CHIL p DZ VE 5.3 
2 110682 11,0154 WILL CHIL p DZ 5.3 5. 1 SECTOR SCAN 
2 110682 11,0217 WILL CHIL p DZ 0. 5 0.3 1. 3 1.4 2.3 2.3 3.3 SECTOR SCAN 
3.3 4.3 4.3 5.4 4.4 
2 110682 11,0436 WILL CHIL p DZ 0.4 0.5 1. 3 1. 4 2.3 2. 5 3.3 SECTOR SCAN 
3.3 4.3 4.3 5.4 4.4 
2 110682 11,2014 WILL CHIL p DZ 0.2 0.4 1. 3 1. 3 .2.3 2.3 3.3 SECTOR SCAN 
3. 5 4.3 4.4 5.4 5.3 
2 110682 16221,3 WILL CHIL p DZ 0.4 0.4 1. 3 1.3 2.3 2.3 3.3 SECTOR SCAN 
3.3 4.3 4.4 5.4 5.2 
2 110682 11,2454 WILL CHIL p DZ 0.4 0.3 1. 3 1. 4 2.3 2.3 3.3 SECTOR SCAN 
3.3 4.3 4.4 5.4 4.6 
2 110682 11,271,2 WILL CHIL p DZ 0.4 0.4 1. 3 1. 2 2.3 2.4 3.3 SECTOR SCAN 
3.3 4.3 4.3 5.4 
2 110682 1"'2927 WILL CHIL p DZ 0.4 0.4 1. 3 1. 2 2.3 2. 4 3.3 SECTOR SCAN 
2 110682 11,2927 WILL CHIL p DZ 0.4 0.4 1. 3 1. 2 2.3 2.4 3.3 SECTOR SCAN 
3.4 4.3 4.3 5.4 5.2 
2 110682 16311,2 WILL CHIL p DZ 0.4 0.4 1. 3 SECTOR SCAN 
2 110682 11,3207 WILL CHIL p DZ VE 1. 3 
2 110682 11,3207 WILL CHIL p DZ 1. 3 
2 110682 11,3207 WILL CHIL p DZ VE 1. 3 1. 2 2.3 2. 9 SECTOR SCAN 
2 110682 11,3246 WILL CHIL p DZ 3.3 
2 110682 11,3246 WILL CHIL p DZ VE 3.3 
2 110682 11,3255 WILL CHIL p DZ 3.3 3.3 4.3 SECTOR SCAN 
2 110682 11,3314 WILL CHIL p DZ VE 4.2 
2 110692 163314 WILL CHIL p DZ 4.2 
2 110682 11,3314 WILL CHIL p DZ VE 4.2 
2 110692 11,3315 WILL CHIL p DZ 4.3 4.3 5.4 SECTOR SCAN 
2 110692 1"'3357 WILL CHIL p DZ 0.4 0.3 1. 3 1. 4 2. 3 2. 3 3.3 SECTOR SCAN 
3.3 4.3 4.4 5.4 
---------------------------------------------------------------------------
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Cf:
--··-·······.7 
file / 
isk ! 
tape \ 
·-·······-
~ Col~' 
~mage in \ 
\ ~-2 planes } 
'\·~. . / 
..... ...,/ 
(
i~;g~t- -·· .. '\ 
Composition\.· 
keyed-in } 
" / ~ . . . 
\__-y·--,~ 
BABEL program 
_ .............. ,........ 
/ 
/ 
II 
// 
~
Patch (., 
Designator ---·---· 
File I 
·, .. ----~ 
-------... ·-j Frequency Distributi~n 
.-~...,...-
~~--J 
OUTLINE program HARNESS pro gram 
'Fatch dasi~nator file for NEXRAD algorithm . Template is DlR$PATCH:PFORM.DAT. 
. , 
'WEATHER PATCH SEPARATED FROM THE BIRD/WEATHER PATCH RECORDED PATOSO - HERE 
, VELOCITIES ARE WRAPPED; CORRECT VECOCITY UNCERTAIN. 
" • Note th,;it ·the tiine cou·rse of the echoes is ·not yet included, nor is 
• ~he altitude extant of tho patch . 
. t-------------------------------------------------------------------------------• D,,ta No . 
DAT053. DAT A_ 
Ht.fl NESS B 
:-: MIT camhridg c 
1983 APR 18 2129:33 D 
2. 406 E 
94.000 155.000 F 
141 000 186.000 G 
?AT053. RAV H 
I 
~1 000 .J 
-999.999 K 
,)4 S9 18:29 L 
•Ins Pas \,Jf l Loe Gul Bl k 
0 0 0 0 0 0 M 
r'.'54182129. U24 N 
L Ii',L DAT 0 
DIR$PATCH: p 
~ For diagnosing target-·type: 
108. 000 
21. 436 
20. 432 
6. 180 
-999.999 
0. 908 
-999.999 
83.696 
-999.999 
5.056 
OUTPUT: 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
'5 Nwnbe·r -of types of targets 
Desc·r iptio·n Unit ve·r. N 
(O~EDT> 
Name of this file 24 chars 1. 02 
Program name 10 chars 3.25 
Site of radar 24 chars 1. 00 
Date & time of sweep local 3. 51 
a. Nominal degrees 1. 00 
RA minimum & maximum km 
AZ minimum & maximum degrees 
N11me of ralJ file 24 chars 0.00 
<:spare> 
Speed, cha·racteristic m/s 3.72 
Direction from degrees 3. 72 
Sunrise, sunset EST 1. 92 
(lOOX-sum) = Weathe·r 
Target composition p e·rc ent 0.00 
UF file of radar data 14 chars 052087 
Liklihood matrix file 24 chars 8. 00 
Output device name 24 chars 
Habitat: OOOOO=nothing 5 digit 
Drtte data collected .Julian 3. 51 1 
Time, deci,nal solar Hours 1. 92 1 
Ref'lectivi·ty, median dBZ 3.60 1001 
Meight AGL km 3.61 1196 
VAR data not 11resent ABSENT 5. 10 
STR Stipple in ref dB/km 4.00 898 
STV & VAR ·not prese·nt ABSENT 4. 01 
Coverage, bins wl ref percent 3.71 1196 
Velocit1J, no d ir. ABSENT 3.72 
STD Stipple in vol mis/km 1. 01 898 
.27-MAV-87 14:48:30 
11 Number of diagnostic variables 
... LIIILIHOOD MATRIX H11b Oat Tim Ref Hei VAR STR ST'v Cov Vel STD .Joint 
We11ther 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 
.; Insect 0. 54 1. 00 0. 00 1. 00 0.89 1. 00 1. 00 0.00 
3 Pass@·rine 0. 5S 1. 00 1. 00 1. 00 0.60 1. 00 1. 00 0.33 
4 Mi~r. waterfowl 0.00 1. 00 1. 00 1. 00 0.00 0.79 1. 00 0.00 
5 Local waterfowl 1. 00 0.00 1. 00 1. 00 0.00 0.79 1. 00 0.00 
4 
Figure 14.- .. 
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100 x 
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Appendix I 
Method of Calculation of Target Size from Signature Data 
In a paraboloid-beam tracking radar, the axial position of the target in 
the radar is known, as is the distance to the target. This allows calculation 
of the reflectivity of the target at the wavelength of the radar and at the 
aspect being presented during the determination. The reflectivity of the 
target is usually expressed as the radar cross section, cr, in units of area. 
Conventionally, the target is referred to a sphere of a certain diameter, whose 
cross section can be computed exactly at a certain wavelength. 
Canputation of radar cross section is important to the present research 
for two reasons. First, the radar cross section generally increases with the 
size of a bird, which determines how hazardous it is to aircraft. Second, 
target size assists in identifying the nature of the biological target being 
tracked. 
It is critical to note that birds fall in the "Mie region", where target 
size is roughly canparable to radar wavelength and the relationship of target 
size to radar cross section is highly nonlinear. In particular, a bird whose 
body size is significantly larger than that of another bird can measure 
significantly smaller in cross section. Depending on target aspect and other 
variables, smaller birds such as passerine targets fall clearly in the Mie 
region for X-band and somewhat larger birds such as small waterfowl fall 
clearly in the Mie region for S-band. 'Ihus, radar cross section is a crude 
guide to the size and species of target at best. However, gross differences in 
body size, such as those between typical passerines and typical waterfowl or 
between small insects and typical passerines, are reliable. 
Ideally, target size should be measured with a calibrated research 
instrtnnent. The Illinois Natural History Survey tracking radar is not such a 
research instrument, having been designed as part of an effective weapon rather 
I 
than i::art of a scientific instrument. The transfer function of the 
Intermediate Frequency Amplifier in the radar receiver is unknown to us and 
thus must be estimated. Engineers have expressed both the opinion that this 
receiver is linear and that it is log-linear. Certainly, we needed to start by 
better understanding our apparatus. Fortunately the radar has proven to be a 
steady, dependable, and at least mostly understandable instrument. 
calculation of a for an Unknown Target 
In calculation of radar cross section sigma, we start with the classic 
radar equation, 
(1) p 
r 
expressing receiver power as a function of radar characteristics, target cross 
section and range. Symbols are defined in Table I.l. For a given radar, 
operated at a constant transmitter power and wavelength, equation (1) can be 
reduced to 
(2) p 
r 
a k , for a given radar 
R4 
where k is a radar-dependent constant. We desire to solve equation (2) for a 
target of unknown cross section, such that 
(3) p = k unk 
1-2 
Because the target range R is directly measured by the tracking radar, 
determination of Punk allows determination of the cross section of an unknown 
target such as a flying bird. 
As part of routine operations with the Illinois Natural History Survey 
tracking radar, aluminum spheres of diameter 15 cm are launched routinely one 
or more times in each operating session. A 15 cm diameter sphere has a known 
radar cross section of 176.7 cm2, so that 
(4) PlS = k 
176.7 
2 
cm 
The spheres are launched in the normal course of measuring the wind at 
altitude; during each balloon track, at least one measurement is made of the 
receiver voltage (V) at a certain receiver gain setting (GAIN). Many such 
measurements at different ranges are accumulated over the course of a season of 
tracking radar work. 
Therefore, for a given value of Punk there should exist an equal 
of P15, taken on a target of known size at known range. This allows us to 
calculate the range of a 15 cm sphere if the echo amplitude received from it 
were equal to that of the unknown target, that is, 
(5) 
Combining equations (3) and (4) and removing receiver power according to 
equation (5) provides a way of directly calculating radar cross section for an 
unknown flying target: 
(6) a 
unk 
, \ 4 IR 
= { unk · • 176 7 
15 1 • 
\ R I 
1-3 
We must now calculate R15, whose value is directly determined~ P15 
[equation (4)]. PJ.s, the gated power at the input to the radar receiver, 
while not directly measurable, can be calculated~ knowing the receiver gain 
and the receiver voltage output; 
(7) P f (GAIN, V) 
'As mentioned above, the precise functional relationship involved in equation 
(7) is not known .s prori for the tracking radar in question. Therefore, we 
calculate R15 directly as a multivariate function of GAIN and v. A linear 
multivariate function failed to accurately predict R1s at close ranges; 
however, such a function accurately predicted log Rat all ranges. The 
equation used was 
(8) INTERCEPT+ B . •GAIN+ b lt . V gain vo s 
or 
(9) lo (INTERCEPT+ B .. GAIN+ B lt . V) gain vo s 
The range of a sphere of known size can be comp.ited for a target of unknown 
size from equation (9), knowing the receiver gain setting and receiver output 
voltage. 
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Data from four seasons of work with the tracking radar, Fall 1983 through 
Spring 1985 were analyzed separately. (Analysis of shorter periods separated 
by changes in important radar components or different locations of the tracking 
radar revealed no significant difference in the equations within each of these 
four seasons of work.) The resulting equations for each season are given in 
Table I.2. Regressions were calculated using the SAS System; identical 
results were produced by the GLM, STEIWISE, and Rm procedures. R2 was very 
high, 0. 81 to 8. 93. 'As would be expected for a log receiver, GAIN was much 
more important a contributor than V. 
Estimates of Cross Sections for Unknown Targets 
Measurement error in calculations of a unk can be determined directly by 
application of equation (6) to the 15 cm spheres themselves. In this case 
these error estimates are much more useful than examination of residuals or 
other popular multivariate techniques because of the availability of known 
targets. Results are presented in Figure III.I and show that errors were 
usually less than a factor of 2 (3 dB). Thus, the tracking radar is capable of 
considerable accuracy in measurements of cross section. OJerestimation of 
target cross section occurred in a few instances at close range. 
As a further check on equation (9) as used in equation (6), Figures 
III.2, and III.3 show estimated cross sections as functions of range for 
unknown targets on two nights of tracking radar operation. 01 November 29, 
1984 (Figure III.2), radar targets at m:x:lerate-to-long range and having cross 
sections of 100 cm2 and above are probably larger bird targets traveling at 
high altitude and avoiding the lowest altitudes and closest ranges. In both 
figures III.2 and III.3, a small number of targets of very high cross section 
(1000 cm2) and very short range occur. These targets probably represent a 
failure of the estimators of Punk at ranges below 350 m. In both figures, 
the lack of a strong association between radar cross section and range is taken 
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to be an indication of robustness in the calculations, because of the 
otherwise-overpowering influence of range taken to the fourth power. 
The nature of the small targets in Figure III.2 and III.3 is illustrated 
in Figures III.4 and III.5. The independent variable in these figures is the 
standard deviation of target cross section, a measurement taken concurrently 
with the mean voltage v. The standard deviation of radar cross section, here 
corrected for receiver noise as a function of receiver gain, is normally high 
for individual birds engaged in flapping flight and lower for insects, large 
flocks of birds, and gliding birds. In Figures III.2 and III.5 we see a 
cluster of targets in the lower left quadrant, which are small insects of low 
standard deviation. 
Further Checks on calculations of Radar Cross Section 
Seasonal variation in the performance of the radar was lacking except for 
a change in about August, 1984, a change which was suitably corrected by the 
regression equations, Figure III.l. This apparent change in radar sensitivity 
or power was probably due to an undetected change in the voltage by which the 
receiver gain was detected by the on-line canputer system in the tracking 
radar. Significant changes in the receiver sensitivity, radar power, or 
tracking accuracy can be discounted because occasionally the operator tracks a 
15 cm diameter sphere to the ma.ximum distance possible, as an overall check on 
the radar system's performance. Such a track on 7 April 1984 gave a ma.ximum 
tracking range of 10,500 yds. and on 8 March 1985 the corresponding figure was 
11,400 yds. Thus, the overall performance of the radar was undiminished over 
this time span. 
Calculations of crunk on known, identified radar targets tracked during 
daylight and observed in a telescope pointed at the target being tracked showed 
quite plausible values of a unk = 1.4 cm2 for an Eastern Meadowlark and 
Gunk= 4.4 cm2 for a Northern Harrier. 
1-6 
Conclusions on Measurements of Cross Section 
This empirical method of estimating the cross section of unknown flying 
radar targets is shown to be reliable and to produce plausible values with a 
few exceptions. The method that does not seem to work reliably at ranges 
shorter than 350 m; this restriction is apt to be a problem during some work 
involving visual observations of targets being tracked, but not in canputing 
overall altitude and target density distributions for comparison with large 
weather radars. Target aspect and, for multiple targets, target distribution 
in space are important variables that can be measured and studied with the 
tracking radar. Finally, much intrinsic variation in X-band radar cross 
sections arises from operating in the Mie Region (for instance, probably in 
Figure III.4 and III.5). 
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Table I.l Definitions of Symbols for calculation of X-band Cross Section. 
Ae - effective antenna area, in square meters 
Bgain - regression coefficient for Gain term 
Bvolts - regression coefficient for Voltage term 
GAIN - setting of radar receiver gain, in knob units 1-10 
INTERCEPT - intercept term for regression 
Pt - radar transmitter peak J;X)wer in watts 
Pr - receiver power in watts, gaited to include only the target being tracked 
R - slant range to target, in meters 
V - voltage at output of radar receiver in units of nominal millivolts 
;\ - radar wavelength in meters 
a- radar cross section in meters squared 
Table I.2 
Regression of Log(range) as f(receiver gain,receiver voltage) 
for X-band tracking radar data 
SEASON 
F'all 1983 
Spring 1984 
F'all 1984 
Spring 1985 
RMS error 
0.0805215 
0.(1752213 
0.0681077 
0.0682918 
GAIN 
0.93080 
1.01020 
1.04379 
1.03028 
v INTERCEPT• 
-0.0015464 -3.2599 
-0.0009151 -3.7799 
-0.0013633 -4.2977 
-0.0006506 -4 .1088 
The dependent variable Common Log(ran9e) is expressed in meters; 
the independent variables of Receiver Gain and Voltage are expressed 
in their natural, though arbitrary, units. 
Errors 1n estimates of Sigma for spheres 
FREQUENCY 
501 
] 
SEASON 
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APPENDIX II 
An Artifact in MIT Variance Data 
Unlike other existing processors for which we have data, the MIT radar 
processors in 1986 and earlier years measured variance directly from the 
Doppler spectrum, counting bins in about 1/12 m,ls increments cMay from the mean 
Doppler frequency. This Appendix concerns itself with an artifact evident in 
data from this older MIT processor and the question of whether these data from 
the older MIT processor are or are not rendered useless by the artifact. 
Figures II.land II.2 show data symptomatic of the problem. Such data 
appear as a broad, often roughly normal distribution of variances often 
extending out to several meters per second but not beyond seven-to-ten meters 
per second except during severe weather. In addition, one notices a 
substantial fraction of the values at exactly 0.08 m,ls. It is this anomaly in 
the otherwise-believable distribution of variances that constitute the 
artifact. 
There are three cases in which 0.08 m/s values will appear in the data and 
we discuss these separately. 
CASE I 
Actual variance values of 0.08 m,ls. In fact, all values between about 
0.04 and 0.12 m,ls will be read as 0.08 m,ls, because of the normal and expected 
quantization in the digital processor. These 0-.08 m,ls values are correct and 
valid. 
CASE II 
Variance values of O are stored as O. 08. We are told this may result in 
slight over representation of the 0.08 m,ls bin; the result is a minor and 
acceptable error of measurement. Figure II.3 shows a distribution of 
variance data in which low variances predominate and in which a slight 01Jer 
representation of the 0.08 rrv's bin is of no importance in interpretation of the 
data. 
CASE III 
Variance data in the 0.08 rrv's bin is 01Jer represented, sometimes severely 
so. As seen in Figures II.land II.2, there is often no basis in the data for 
suspecting that the 0.08 rrv's values are generated by the same process that 
generates the 0.16, 0.24, and other low-variance values. In particular, one 
notices on PPI displays that many of the 0.08 rrv's values are spatially 
associated with values at or abOIJe 3 rrv's, rather than with the values at the 
low end of the variance neasurement scale. Such cases are common in MIT data 
and their association with high variance values that are presumably valid means 
that the artifact cannot be ignored because they would be expected to 
significantly effect the distribution of variances. 
We have ruled out all explanations that have been suggested as p::>ssible 
causes or clues to the nature of this variance artifact: 
1. Ground clutter. Although ground clutter sometimes has low variances 
of 0.08 rrv's, there are also cases in which 0.08 rrv's is absent at very 
close ranges at low elevations, and cases in which 0.08 rrv's is present at 
high elevations (2.4 degrees) at long range. Figure II.4 provides 
a clear case of O .08 rrv's variance independent of clutter. Note also the 
antenna elevation of 4 degrees in Appendix Figures 5-8. 
2. "Wrapping" in variance. It is p::>ssible that variance readings near 
or abOIJe the Nyquist velocity might generate an artificial value such as 
0.08 rrvs. However, as nentioned above, variance data above about 7 rrv's 
are largely absent in our data. 
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3. Random artifacts. If the excess 0.08 nvs values were sirrply a result 
of some randan process converting any valid variance datl..llll to an 
artifactual value, the artifacts might be sirrply ignored, reducing the N. 
They are not random, because in some images the 0.08 nvs value are quite 
cormnon in regions having variances of 3 to 7 nvs, while being absent in 
regions at similar ranges having 1 or 2 nvs predominating (Appendix 
Figures II.5 and II.6). Therefore the cx::curence of these artifactual 
variances cannot be ignored. 
4. Range. In some .images, 0.08 nvs values cx::cur cormnonly at short 
ranges and at the most distant ranges at which targets are observed, 
being much less frequent at intermediate ranges. 
5. Velocity. Artifactual 0.08 nvs variances are not associated with any 
particular velcx::ity or any particular pattern of velocity that we have 
discovered with the exception of being more conmon at high than low 
absolute values of velocity at short ranges in some images (Appendix 
Figures II.5 and II.7). 
6. Reflectivity. It is to be expected that bird targets should show higher 
variance associated with lower reflectivity, because the nl..llllber of 
targets per pulse volume will be decreasing and the contribution of one 
individual bird beating its wings will be, therefore, increased, 
resulting in a larger value of variance. This effect has been observed 
in the variance data, and, in fact, may be an excellent way of helping to 
discriminate bird targets from weather targets on an NEXRAD radar. When 
this straightforward relationship is taken into account, no other useful 
prediction can be made about the cx::curence or lack of occurence of 0.08 
nvs variance artifact as a function of reflectivity (Appendix Figures 
II.5 and II.8). 
7. Coverage. The 0.08 m/s variance artifact occurs in highly stipled 
waterfowl targets and in the middle of continuous passerine targets 
without dro:p:>ut. Similarly, it occurs in several kinds of weather 
targets (Appendix Figure II.4). 
We conclude that older MIT variance data have a serious artifact and are 
not useful for our analysis. In a brief informal carmunication, the designer 
of the MIT processor agrees with our general conclusions about the performance 
of this instrument. Paserrelli & Siggia (1983) describe the new MIT processor, 
which works on a different principle and has been extensively tested to avoid 
artifactual contamination. 
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Appendix Figures ,. 
1. Distribution of variances in a region of probable passerine 
bird targets at elevation 0.8 degrees, range 24 to 47 km. Each "V" 
symbol represents naninal 0.5% of the variance measurements. Bins are 
labelled by their upper class boundaries. Each bin in the histogram 
represents ooe bit in the reported binary variance fran the older MIT 
processor. The highest variance in the data is 2.80 nvs. The lowest 
bin, 0.08 nvs, is overrepresented due to suspected artifactual 
contamination. 
2. Distribution of variances in a region of probable waterfowl 
targets at elevation 0.8 degrees, range 25 to 76 km. 
Overrepresentation of the 0.08 nvs variance bin is more extreme than 
in Appendix Figure 1. 
3. Distribution of variances in a region of weather targets at 
elevation 0.8 degrees, range 90 to 117 km. No artifactual 
contamination of the 0.08 nvs variance bin is suspected in this 
sarcple. 
4. RHI of a cloud toward O degrees azimuth. On the right is the 
shading scale, with values of variance at or below 0.25 nvs dark and 
all other values of variance speckled. Although the 0.08 nvs bin is 
not shown directly, the lowest (dark) category is daninated by the 
0.08 nvs bin. At the bottom is the range scale in km. Along the left 
is an altitude scale in km~ note that the altitude scale is expanded 
relative to the range scale. Variances in the 0.08 nvs bin are 
concentrated in the middle ranges of the cloud and also around the 
edges. Ground clutter contamination cannot explain the low variances. 
5. PPI of variance at 4.0 degrees elevation in a large area of 
passerine migrants probably with sane insect echo intermixed. Dark 
pixels represent predominantly 0.08 nvs variance (see legend to 
Appendix Figure 5). 0.08 nvs values of variance are present at near 
and far ranges but less frequent at intermediate ranges. 
6. Same data as in Appendix Figure 5, but with high (>3.0 nvs) 
values of variance darkened. Note that echoes with high variance and 
echoes with 0.08 nvs variance artifact are intermingled. 
7. Same data as in Appendix Figure 5, but showing Doppler 
velocity with solid dark areas approaching targets and speckled areas 
receding targets. Comparing Appendix Figure 5, one sees that 0.08 nvs 
values of variance at close range are nore cannx>nly associated with 
high than low absolute values of velocity. 
8. Same data as in Appendix Figure 5, but showing Reflectivity 
with darker areas representing higher dBZ. The dBZ values decrease 
with range, as is often the case for passerine targets. Note that the 
0.08 nvs variance artifact (Appendix Figure 5) occurs at both close 
ranges with high dBZ values and farther ranges with lower dBZ values. 
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Appendix: What percentage of CONUS training routes will 
be "protec·ted" by NEXRAD? 
03 Jun 87 
We wish to estimate the "protection" afforded by NEXRAD radars 
when USAF aircraft are flying training routes within CONUS. These 
estimates are being done in addition to our contract work with 1JSAF 
and therefore we could devote only limited resources to making the 
estimates. 
We begin with a few definitions for the purpose of making the 
estimate: An airc·raf·t at a ce·rtain altitude is said to be 
"vulnerable" to a bird huza-rd when it is flying in airspace that is 
shared by that kind of bird. An aircraft at a certain altitude is 
·:;aid to be "covered" by NEXRAD when it is within any circle of 
coverage for thut altitude on the latest mtlps supplied by the NEXR·AD 
·JSPO. Then tln aircraft is "protected" if it is vulnerable to birds 
yet covered by at least one NEXRAD radar unit. Note that this 
restricted definition ignores <a> use of NEXRAD to give general bird 
hazard information < "heavy waterfo•»l migration tonight") and (b > 
benefits of NEXRAD as a tool to better understand and forecast bird 
1'Tlovemen ts. 
To make an accurate computation of protection, we would need to 
consider USAF t-raffic rates on each route in different altitude strattl 
as functions of time of da•,; and time of ye.~r. We would also need more 
accurate information than is now available on the patterns of movement 
of different species of hazardous bi~ds. Finally, we would need 
accurate sitings and line-of-sight cove·rage for each NEXRAD ·rad,3r, 
data which aTe still subJect to revision. 
Clearly, an accurate computation is impractical. The·refore, we 
make seve·ral simplifying assumptions: Routes are equally flown. 
Routes pe~mitting opeTations down to ceTtain altitudes are routinely 
used at those altitudes during all times of the day and year. Local 
,novements of biTds at or near wintering areas occur at low altitudes, 
1uheTas migratory movements occur at higher altitudes and are confined 
to seasonally-appropriate directions. Other assumptions are given 
be 1 ow. 
This estimate is made using an especially hazardous group of 
birds, the Anseriformes <Ducks, Geese, and Swans), here called 
waterfowl. 
USAF maps are available for six CONUS regions. We selected the 
Southeast and Northwest regions, attempting to pick extremes of 
geography and topography for the sample. 
Maps used for NEXRAD locations and coverage are out-of-date but 
·rep·resent,ative, dated Mai,; 1986 (200 feet) and Ma·rch 1986 <2000 fee·!;). 
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1. MIGRATING WATERFOWL: 
We assume that migrating waterfowl follow the corridors given in 
the BAM model used by the USAF BASH team. Of these corridors, we 
ignore the lower one-half of migration intensities in favor of the 
upper one-half, which constitute the maJority of the hazard to 
aviation. These intensities correspond to bird populations of about 
1,500,000 ducks or 51,000 geese per corridor, minimum. 
To allow comparision with the NEXRAD coverage maps, we assume 
that migrating waterfowl fly at 2000 feet AGL (610 m), We feel this 
approximation is unlikely to be accurate for a given species, but is 
fair overall. Accuracy would require examining migratory stopovers, 
acquiring data on altitude of flight over various topography for 
different species, and other time-consuming studies. 
Movements of waterfowl will pass through the coverage of a NEXRAD 
radar, usually flying more or less straight and level. Even after 
waterfowl leave the coverage of a radar, their position will be fairly 
predictable and the radar will be able to warn of their presence. 
Therefore there is a zone downstream of a NEXRAD radar that extends 
the effective coveTage of the Tadar for migratory wate~fowl. The 
position of the zone varies with the seaso·n, of cou·rse. We estimate 
that the position of a flock of migrating waterfowl will be 
predictable for about 100 km afte·r leaving the N£XRAD coverage itself, 
based on a flight speed of about 20 m/s and a tailwind typical of 
migratory conditions. 
For each route at a vulnerable altitude, we compute per cent 
protection as <Protected x 100)/Vulnerable, as in the accompanying 
Figure. Routes not passing through a migration corridor are ignored. 
Route locations and altitude ranges were taken from U~~F AP/1B charts. 
2. LOCAL WATERFOWL 
We use Bellrose' Ducks, Geese, and Swans of North America (first 
edition> to locate winteTing gTounds of 3 species that are fairly 
common and representa·tive: Canada Goose, Mallard, Lesser Scaup. (The 
national and state wildlife refuges marked on the BAM maps aTe less 
useful fo·r wintering waterfowl compa·red to the detailed data in 
Sellrose' book.) 
Using simil~r logic ~s for migrating waterfowl (above), we posit 
that local waterfowl fly at 200 f~et (61 m>. 
We estimate that geese fly 100 km from a wintering ground in 
unpredictable daily excursions and ducks fly 40 km. We demarcate a 
hazardous region this distance from the edges of th~ wintering grounds 
of each species. We identify the 200' AGL NEXRAD coverage within each 
of these Tegions. 
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Then protection for local waterfowl is the total length of each 
low-level route within the hazardous region divided into the length 
iuithin the haza·rdous ·region and cove·red by NEXRA.O at 200', quan·tity 
times 100 (see Figure>. Routes not passing near a wintering ground 
.:lT'e ignored. 
RESULTS 
Per cent pTotection by NEXRAD 
MigTatory Waterfowl Local 
t..Ja ter fowl 
Southeast region 87'% 73% 
Northwest region 33% 14'% 
Other areas in the country should fall between these extremes. On 
this basis, overall coverage for CONUS would be expected to be in the 
region of slightly over 50% for migratory waterfowl and slightl~ under 
30"!. f o·r 1 o cal wn t e·r f 0\1.11. 
We came upon othe·r findings that bear upon the usef•Jlness of 
NEXRAD in situations when bird movements aTe geographically ,1.1idespTead 
enough fo·r activity in one area to serve as a "barometer" of activity 
ove·rall: Each wate·rfo,111 wintering ground is partly covered by at least 
one NEXRA.O installation. Each migra·tory corrido·r is also covered, in 
fact by 2. 7 (SE) OT 4. 2 <NW) NEXRAD Tadars/coTridor. 
IU-3 
I lfC 
Local waterfowl 
\ 
c O x ,_ 
SD 
r 
REFERENCES 
Crinmins, T. R. 1985. Geometric filter for speckle reduction. Applied 
Optics, Vol. 24, p. 1438. 
Larkin, R. P. 1987. MicroVAX II used to identify birds and to alert 
aircraft of possible collision. Hardcopy, Vol. 7, No. 4. 
Marshall, J. s. 1971. Peak reading and thresholding in processing radar 
weather data. Journal of Applied Meteorology, Vol. 10:1213-1223. 
Mueller, E. A. and R. P. Larkin. 1985. Insects observed using 
dual-polarization radar. Journal of Atmospheric and Oceanic Tech., 
Vol. 2, No. 1. 
Passarelli, R. E., Jr., A. D. Sissia. 1983. The autocorrelation function and 
Doppler spectral moments: Geometric and asymptotic interpretations. 
J. of C and AM, 22:1776-1787. 
DRAFT 
